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Abstract 14 
 15 
Cuticles are plant structures, composed mostly by lipidic layers, synthesized by 16 
non-woody aerial plant organs and deposited on the surface of outer epidermal cell 17 
walls. Although its significance has been often disregarded, cuticle deposition modifies 18 
organ chemistry, influences mechanical properties, and plays a central role in sensing 19 
and interacting with the surrounding environment. Even though some research has been 20 
undertaken addressing cuticle biosynthesis and composition in vegetative plant tissues, 21 
comparatively less information is available regarding cuticle composition in the 22 
epidermis of fruits. However, recent work points to a role for cuticles in the modulation 23 
of fruit quality and postharvest performance, indicating that current models for the 24 
investigation of fruit development, metabolism and quality need to integrate a 25 
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comprehensive knowledge of the cuticle layer. This paper provides an overview of 26 
recent findings and observations regarding cuticle biosynthesis and composition in 27 
fruits from species of agronomic and economic relevance. We describe herein 28 
important, often neglected differences in cuticle composition and biosynthesis patterns 29 
among diverse fruit species, in order to generate an atlas of what is currently known 30 
about fruit cuticles and to highlight what still remains to be explored. Emphasis is 31 
placed on the need to investigate each genetic background bearing in mind its own 32 
specificities, to permit correlations with the particular physiology of each species 33 
considered. Both specific composition and changes during maturation and ripening are 34 
reviewed. 35 
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Introduction: General features of cuticle composition 49 
 50 
The cuticle is synthesized by the epidermis of fruits and other non-woody aerial 51 
plant organs. This mostly lipidic layer has been traditionally considered to cover the 52 
surface of outer epidermal cell walls, even though recent findings suggest that the 53 
cuticle may be interpreted rather as a lipidized cell wall region.1 In any case, the cuticle 54 
modifies the chemical and mechanical properties of the plant organ, hence playing a 55 
central role in the interaction with the environment2 and decisively impacting on plant 56 
development. A major component shaping the cuticle is cutin, a lipidic polyester 57 
composed primarily of hydroxylated and epoxy-hydroxylated C16 and C18 esterified 58 
fatty acids3 which originates commonly from C16:0 and C18:1 precursors synthesized in 59 
the plastids.4-7 The most common C16 cutin monomers are 9,16- and 10,16-60 
dihydroxyhexadecanoic acids, whereas 9,10,18-trihydroxyoctadecanoic and 9,10-61 
epoxy,18-hydroxyoctadecanoic acids are the most characteristic monomers of the C18 62 
class.7 In some plant species, C16 or C18 fatty acids may predominate, while in other 63 
cases a mixed composition of both monomer classes has been observed. In addition to 64 
fatty acid derivatives, cutin also contains variable amounts of phenolic compounds, 65 
dicarboxylic acids and glycerol.8  66 
Cutin constitutes the insoluble polymeric scaffold in which amorphous 67 
intracuticular waxes are embedded, with both crystalline and amorphous epicuticular 68 
waxes coating the plant surface. These cuticular waxes are hydrophobic compounds 69 
some of which can be extracted in organic solvents such as chloroform or hexane.9 They 70 
exist as complex mixtures showing compositional variability among and within plant 71 
species,4 as well as organ-to-organ differences.9 These mixtures include long- and very 72 
long-chain (>C18) fatty acids, hydrocarbons, alcohols, aldehydes, ketones, esters, 73 
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triterpenes, sterols and flavonoids. In some instances, the different lipid classes found in 74 
cuticular waxes may be present as homologous series, while in other cases a single 75 
chain length may dominate. This aspect is very relevant, as the structures and properties 76 
of the wax crystals formed in each case will be dependent, among other factors, upon 77 
their composition. Potential hydrophobic interactions between cutin and cuticular waxes 78 
are favored by the fact that both are fatty acids derivatives, and share the same 79 
biosynthetic origin in the plastids and the same pool of precursors.  80 
Some cuticles may also contain cutan, a non-ester, non-hydrolysable core matrix 81 
comprising a network of aliphatic compounds linked by ether bonds which remains 82 
after cutin hydrolysis.10 Additional cuticular compounds include significant amounts of 83 
polysaccharides1 and flavonoids, which confer the structure particular mechanical 84 
characteristics. It has been reported, for instance, that polysaccharides incorporated into 85 
the cutin matrix are responsible for properties such as the elastic modulus or stiffness, 86 
whereas phenolics have been suggested to account for cutin rigidity.11,12 In turn, the 87 
cutin matrix imparts extensibility; hence the heterogeneous composition of cuticles 88 
conveys a range of viscoelastic and strain-hardening properties that modulate the 89 
mechanical behavior of plant organs, allowing them to expand, and helping stiffening 90 
the epidermal cell walls, which are, in comparison, more elastic.2 Some of these 91 
properties are also dependent, at least to some extent, upon the external conditions to 92 
which the plant organ is exposed, particularly temperature and humidity.13-15 93 
The composition and biosynthesis of cutin7,16 and cuticular waxes,9,17-19 cuticle 94 
permeability properties,20-22 and cuticle and cutin biomechanics2,23,24 have been covered 95 
in published reviews and will not be addressed here in detail. However, since the 96 
majority of work investigating cuticle biosynthesis and composition has been conducted 97 
on vegetative plant tissues and, in contrast, little information is available in relation to 98 
5 
 
the epidermis of fruits, this review adds a further perspective to the current knowledge 99 
of the roles of cuticle in plant development. The minimization of water loss has been 100 
generally considered the main function of the fruit cuticle, but there is ample 101 
experimental evidence that, in addition to water-proofing, it may also play a major role 102 
in modulating protection against biotic and abiotic factors, fruit appearance, and textural 103 
properties, thus significantly impacting major traits related to postharvest quality.25 The 104 
preservation of all these functions requires structural integrity of the cuticle throughout 105 
fruit expansion and development, meaning that a finely-tuned mechanism to control 106 
cuticular composition and structure must also be a part of the developmental program. 107 
Despite their physiological relevance in determining fruit quality attributes and the 108 
economic implications of their maintenance throughout the commercial production and 109 
distribution chain of fruit, significant questions remain to be answered, including the 110 
mechanisms of cuticle biosynthesis and the specific wax and cutin (Table 1) 111 
composition of fruit cuticles. This paper reviews currently available information on the 112 
specific composition and biochemical changes in cuticles during maturation of fruits. 113 
Such knowledge may help framing putative cuticle impacts when the developmental 114 
process of a given fruit is to be investigated. 115 
 116 
 117 
Pathways and regulation of cuticle biosynthesis: A brief overview 118 
 119 
Fatty acids are precursors for both cutin and wax biosynthesis. These fatty acid 120 
precursors are thought to be synthesized de novo in plastids as the result of fatty acid 121 
synthase (FAS) activity, which involves, sequentially, the condensation of acetyl CoA 122 
with malonyl-acyl carrier protein (ACP), the reduction of 3-ketoacyl-ACP, the 123 
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dehydration of 3-hydroxyacyl-ACP, and finally the reduction of trans-Δ2-enoyl-124 
ACP.19,26,27 This fatty acyl primer is further extended by repeated condensations, thus 125 
yielding long-chain fatty acids (C16 and C18). The precursors for wax production are 126 
mainly saturated fatty acids (C16 and C18), while cutin is a polymer of predominantly 127 
C16:0 and C18:x hydroxy fatty acids,6 and hence the partitioning of these long-chain fatty 128 
acid precursors into wax or cutin biosynthesis pathways is likely to be a key regulatory 129 
point controlling the amount and specific composition of these two types of cuticle 130 
lipids.  131 
While de novo fatty acid biosynthesis is ubiquitous, cutin is synthesized exclusively 132 
by epidermal cells. Current understanding of the specific pathway that leads to the 133 
production of cutin monomers was established essentially forty years ago by 134 
Kolattukudy and coworkers through studies on apple and Vicia faba leaves,6,28 but many 135 
remaining knowledge gaps29,30 still preclude a comprehensive understanding of the 136 
biosynthesis and polymerization of cutin monomers including the polymerization site 137 
itself, the monomer transport mechanisms and the enzymes involved in their assembly. 138 
Even so, two recent papers have shed some light on these aspects by identifying an 139 
acyltransferase responsible for cutin polymerization in fruit cuticles of a range of 140 
Solanum species.31,32 The necessary hydroxylation (both at internal and terminal 141 
positions) and epoxydation reactions are catalyzed by enzymes showing typical 142 
characteristics of the cytochrome P450 (CYP) enzyme family, among which the 143 
CYP77A, CYP86A and CYP94B sub-families comprise members that catalyze the 144 
hydroxylation at either mid-chain positions or at the terminal methyl group (ω-145 
hydroxylases) on aliphatic fatty acid chains.33-37 An effective function in cutin 146 
biosynthesis has been confirmed for some fatty acid ω-hydroxylases through the 147 
physiological and biochemical characterization of the corresponding mutants.38 148 
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Distinctive substrate specificities39,40 and expression patterns in response to 149 
environmental conditions41 have been revealed too. Long-chain acyl-CoA synthetases 150 
(LACS) are also required for cutin production,42 indicating that these precursors need to 151 
be activated (CoA-bound) prior to the establishment of the cutin network. The ω-152 
hydroxyl groups in the monomers form ester bonds, while a variable portion of the mid-153 
chain hydroxyl groups are involved in ester-type cross-links, thus giving rise to and 154 
holding together the final polymeric complex. 7,16 The establishment of these ester 155 
linkages is catalyzed by acyltransferases which transfer the activated cutin monomers to 156 
the free hydroxyl groups present in the cutin polymer 28 in a reaction purported to 157 
require ATP and a cutin primer, and indeed two glycerol-3-phosphate acyltransferases, 158 
GPAT4 and GPAT8, have been proved necessary for cutin assembly.43 Phenolic esters 159 
such as those of ferulic and p-coumaric acids also contribute, although to a minor 160 
extent, to the establishment of the cutin polymer.44 161 
Because genetic and external factors are known to cause changes in the amount and 162 
composition of wax, a strict regulation of the underlying biosynthetic pathways is to be 163 
expected. The characterization of mutants with deficient or altered wax coatings has 164 
contributed to shedding light on wax biosynthesis,9,45-47 which is likewise restricted to 165 
epidermal tissues.19,48,49 Waxes are often rich in very long-chain fatty acids (VLCFA) 166 
esterified to very long-chain alcohols, and hence the elongation of C16 and C18 fatty 167 
acid precursors is required for the synthesis of these wax components. Further extension 168 
of C16 and C18 fatty acids requires ACP elimination by an acyl-ACP thioesterase and 169 
activation to fatty acyl-CoA esters, which is catalyzed by long-chain acyl-CoA 170 
synthetases.19,26 Chain elongation is biochemically analogous to de novo synthesis, the 171 
four consecutive reactions being catalyzed by ATP-dependent fatty acid elongases 172 
(FAE)18,50-52 which require malonyl-CoA rather than malonyl-ACP as the two-carbon 173 
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donor. Because elongases catalyze the primary reaction characterizing wax 174 
biosynthesis, they have been assigned an essential role in the process, and have thus 175 
been the object of considerable research effort. The biochemistry and genetics of these 176 
elongation systems have been reviewed elsewhere,9,17,19,50,53-55 and will not be 177 
considered herein. 178 
In addition to lipids derived from fatty acids, cuticles are also composed of lipids 179 
derived from isoprene, which primarily include the triterpenoids present in cuticular 180 
waxes. Triterpenoid biosynthesis involves the joining of six isoprene units to yield the 181 
hydrocarbon precursor squalene, which is then activated into 2,3-epoxysqualene and 182 
then cyclized. The cyclization of 2,3-epoxysqualene represents the first committed step 183 
in triterpenoid biosynthesis, which is carried out by oxidosqualene cyclases (OSCs). 184 
The diversity of existing OSCs and the large range of possible rearrangements they can 185 
catalyze eventually result in a great diversity of triterpenoid structures even though they 186 
start from the same substrate.56 187 
Wax and cutin secretion to organ surfaces is also a key aspect of cuticle formation, 188 
since these lipophilic compounds must be exported from the cytoplasm after 189 
biosynthesis, cross the hydrophilic apoplast, and finally be assembled. The delivery to 190 
the outer tissues apparently involves lipid transfer proteins (LTP), which are expressed 191 
in plant epidermal tissues and secreted to the outside of the cell wall and cuticle.17,18,57,58 192 
Some members of the ATP-binding cassette (ABC) transporter family have been 193 
actually demonstrated to be required for cuticular lipid secretion.19,59   194 
 195 
 196 
The fruit cuticle: Are all species equal? 197 
 198 
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Many studies on chemical composition of cuticles have been published taking as a 199 
model leaves and other plant vegetative tissues. The significant differences observed for 200 
over 40 years in cuticle composition of different organs of the same plant, regarding 201 
both cutin60-63 and waxes,64-66 provide clear evidence that the assumption that fruit 202 
cuticle composition can be inferred from that of leaves cannot be sustained.  203 
Taking tomato as model species, for example, published information on the 204 
composition of cuticular waxes and cutin monomers support the existence of such 205 
differences. Noticeable differences in total wax and cutin loads have been observed 206 
between fruits and leaves of the ‘Micro-Tom’ cultivar.67-69 Total cutin load was reported 207 
to amount to 2.5 μg cm-2 in leaves,68 and to as high as 586.1 μg cm-2 in fruits.69 Such 208 
quantitative differences were found for cuticular waxes as well: total loads of 3.5 and 15 209 
μg cm-2 were reported for leaves and fruits, respectively,67 although total wax amount in 210 
fruits of the same cultivar has been recently shown to reach even higher values.69 More 211 
importantly, substantial compositional differences have been also observed between 212 
leaves and fruits, in addition to differences in total wax and cutin loads. For waxes, the 213 
main compositional differences were found for the percentage of branched alkanes 214 
(approximately 22 vs. 8% of total cuticular waxes in leaves and fruit, respectively), 215 
while the percentages for n-alkanes and triterpenoids were similar in both cases,67,69 and 216 
significant amounts of alcohols and fatty acids were found for fruit cuticles.69 As to 217 
cutin monomers, the chief differences in composition between leaves and fruits referred 218 
to the amount and type of hydroxy-acids, and to the percentage of dicarboxylic acids.68-219 
69 220 
Tomato fruit cuticles provide a valuable model for fruit cuticle research, as they are 221 
astomatous and comparatively thick, which means that it is possible to isolate 222 
considerable amounts of “unperforated” material for biochemical, physical or structural 223 
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characterisation.70 Yet albeit less intensively, cuticles of some other fruit species, 224 
mostly corresponding to crops of economic relevance, have also been investigated, and 225 
revealed significant differences across genotypes in their properties. Since fruit cuticles 226 
modulate several traits of economic importance,25,70 the understanding of the functions 227 
and impact of this outer layer on quality, storage potential and shelf life of produce will 228 
require its characterization as a preliminary step. 229 
 In order to highlight interspecific differences in the chemical composition of fruit 230 
cuticles, the following sub-chapters review published literature to reveal the variation in 231 
the main components of cutin and waxes that exists across different fruit types. With the 232 
purpose of revealing possible compositional similarities within fruits of species related 233 
taxonomically, this information has been organized according to botanical families. The 234 
many unknowns still existing in relation to fruit cuticle composition are highlighted in 235 
the summary of available information for each listed fruit species presented in Table 1.  236 
 237 
Solanaceae 238 
 Tomato (Solanum lycopersicon) 239 
Cuticle composition of tomato, widely used as a model species for research related 240 
to different aspects of fruit development, has been investigated with considerably more 241 
intensity in comparison with other fruit species. Cuticular waxes of the ‘Micro-Tom’ 242 
cultivar consist predominantly of very-long chain alkanes and triterpenoids.67,69,71 The 243 
C31 alkane n-hentriacontane was prevalent in the epicuticular wax film, while in the 244 
intracuticular wax compartment it was mixed with the pentacyclic triterpenoid alcohols 245 
α-, β-, and δ-amyrin. For the ‘Ailsa Craig’ cultivar, a similar composition of cuticular 246 
waxes was reported,72 55-60% of the total amount consisting of n-alkanes, among 247 
which n-hentriacontane was also shown as the most abundant, followed by n-248 
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nocacosane and n-tritriacontane (C33). Amyrins (α, β and δ) together accounted for 249 
about 18% of wax components in this cultivar. When cutin composition was analyzed, 250 
the C16 cutin monomer 10,16-dihydroxy C16:0 acid was found to account for about 74% 251 
of total monomers. The prevalence of n-hentriacontane, amyrins and 10,16-dihydroxy 252 
C16:0 acid in the composition of tomato cuticles was confirmed in subsequent studies on 253 
‘Ailsa Craig’,73-77 ‘M82’,76-79 ‘John Baer’ and ‘Pearson’.80 However, when cuticles of 254 
seven different species of wild tomato were analysed, substantial diversity in the 255 
microscopic morphology of the cuticle and the underlying epidermal cell layer, as well 256 
as in the content of cutin and waxes, was found.79 The cuticular wax content of the wild 257 
species surpassed that of cultivated tomato by up to seven-fold, and variability in the 258 
amount of wax esters and triterpenoid isomers was also found. It can be speculated that 259 
selection for this species has favored a particular cuticle composition that may be 260 
associated with more favorable agronomic characteristics. 261 
 262 
 Pepper (Capsicum sp.) 263 
Kissinger and coworkers81 examined cuticles of ten Capsicum sp. cultivars 264 
differing in quality attributes such as pungency and fruit size. Globally, the cuticle was 265 
found to be particularly rich in C16 cutin monomers, the main component in quantitative 266 
terms being 9(10),16-dihydroxyhexadecanoic acid, whereas 9,10-epoxy-18-267 
hydroxyoctadecanoic acid was the main representative of the C18 monomer type. The 268 
major aliphatic constituents of cuticular waxes were n-alkanes, in which n-269 
hentriacontane was the predominant single compound. Significant amounts of methyl-270 
branched alkanes, and of the triterpenoids α- and β-amyrin, were also detected. A 271 
concurrently published study on 12 bell pepper cultivars also identified n-272 
hentriacontane and triterpenoid alcohols as the dominating wax components in these 273 
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fruit.82 A later work also disclosed that pepper fruit cuticles contain a cutan-like 274 
fraction.83 More recently, the cuticle lipid composition in a near-isogenic backcross 275 
population (BC2F2) obtained between an inbred line of C. annuum and a wild line of C. 276 
chinense, which markedly differ in postharvest water loss rates, has been analysed.84 277 
Interestingly, the major components of cuticular waxes and cutin were the same as 278 
mentioned above,81 but significant differences in absolute and relative amounts within 279 
wax classes and cutin monomers were found between the parents and among the 280 
segregating BC2F2 population. Such approaches are needed for other fruit species, 281 
particularly when quality at harvest and during postharvest is affected by phenomena 282 
related with cuticle dynamics, such as water loss or microcracking. This would help 283 
identifying metabolic signatures associated with particular physiological traits and 284 
quality attributes. 285 
 286 
Eggplant (Solanum melongena) 287 
The surface waxes of eggplant fruit have been also examined in three cultivars.82 In 288 
this study, waxes were extracted in tert-butylmethyl ether, and chromatographed 289 
through a silica gel column, from which two fractions (termed fractions 1 and 2) were 290 
eluted using hexane/toluene and methanol, respectively. For all three cultivars, n-291 
alkanes (C23 to C36) predominated in fraction 1, which represented 77% of all waxes 292 
recovered. The dominating compound in this fraction (up to 18%) was n-hentriacontane, 293 
followed by n-tritriacontane. The triterpenoid components were eluted with fraction 2, 294 
amyrins and other triterpenols being the main compound detected, similarly to the 295 
observations for other species within the Solanaceae family. No information was 296 
reported on cutin monomers. 297 
 298 
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Rosaceae 299 
 Apple (Malus × domestica) 300 
 The first reports on cuticle composition of apple fruit date back to the 1970’s. Three 301 
cultivars (‘Dougherty’, ‘Granny Smith’, and ‘Sturmer’) were studied in relation to the 302 
composition of their surface waxes,85 and it was found that n-nonacosane (C29) and 303 
nonacosan-10-ol were prominent in all three cultivars among the constituent 304 
hydrocarbons and secondary alcohols, respectively. In contrast, the main primary 305 
alcohols differed among cultivars, with n-hexacosanol (C26) predominating in ‘Sturmer’ 306 
while n-tetracosanol (C24) was the most abundant in ‘Dougherty’ and ‘Granny Smith’ 307 
fruits. Waxes from ‘Sturmer’ also differed from the other two cultivars studied in regard 308 
to the main fatty acids present, showing a comparatively higher content of hexadecanoic 309 
and lower content of octadecadienoic acid. Subsequent studies on other cultivars86,87 310 
confirmed n-nonacosane as the main alkane in apple fruit cuticles, but also provided a 311 
broader overview of cultivar-specific variability in wax composition of apple cuticles. 312 
The analysis of cuticular waxes of 17 cultivars86 showed triterpenoids as the dominating 313 
wax fraction, ursolic acid accounting for 30-72% of total waxes, and furthermore 314 
revealed that secondary alcohols were the most cultivar-specific compounds –more so 315 
than primary alcohols– contrasting with previous observations.85 In addition to n-316 
nonacosane, surface waxes of ‘Red Fuji’ apples included important amounts of 317 
nonacosan-10-ol and the ketone nonacosan-10-one.87 Similar results indicative of 318 
cultivar-related variability were reported by other researchers as well.88,89 In the latter 319 
case, the secondary alcohol nonacosan-10-ol was found to be the compound explaining 320 
the main differences in surface characteristics of ‘Jonagold’, ‘Jonagored’ and ‘Elstar’ 321 
fruit.  322 
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 With respect to cutin monomers, the C18-hydroxylated class of monomers was 323 
found to account for 73% of total cutin monomers in ‘Golden Delicious’,60 which was 324 
much higher than the amounts in leaves and flower parts from this variety, and it was 325 
thus hypothesized that the content of C18 monomers was related to the rate of expansion 326 
of different organs. This finding emphasizes the need to assess compositional 327 
differences between particular tissues, as stated above. When the aliphatic components 328 
of apple fruit cuticles were characterized using elemental analysis, 13C nuclear magnetic 329 
resonance (NMR) and Fourier transform infrared spectroscopy, they were shown to 330 
contain lower percentages of the cutan-like fraction than those of pepper fruit, and to 331 
display slightly different chemical structure, too.83 332 
 333 
 Pear (Pyrus sp.) 334 
 Despite the economic importance of the world trade of both European and Asian 335 
pears, only the latter have been investigated in relation to cuticle composition, and 336 
uniquely in regard to their waxes. A total of 54 compounds were identified in the 337 
cuticular waxes of ‘Pingguoli’ Asian pear,90 the main constituents observed being 338 
pentacyclic triterpene alcohols (32%), fatty acids (27.8%) and alkanes (25.9%). The 339 
composition of each of these three major compound families was dominated by α-340 
amyrin, hexadecanoic acid, and C19 to C31 n-alkanes, respectively. To the best of our 341 
knowledge, there is no published information on cutin composition of pear cuticles, thus 342 
also offering ample field for further research. 343 
 344 
 Peach (Prunus persica) 345 
 Surprisingly, very limited research has been reported in regard to cuticle 346 
composition of climacteric stone fruits such as peach, apricot or plum, in spite of its 347 
15 
 
potential relevance for water loss and decay susceptibility of these fruit species. Peach 348 
skin was taken as a model for studying properties of pubescent surfaces concerning 349 
water-plant surface interactions,91 and cuticle composition was analyzed for the content 350 
of the main component types. Peach cuticles were found to be composed of 53% cutan, 351 
27% waxes, 23% cutin, and 1% hydroxycinnamic acids, while trichomes contained 15% 352 
waxes and 19% cutin, filled with 63% polysaccharide material associated to 353 
hydroxycinnamic acid derivatives and flavonoids. Nevertheless, the detailed 354 
composition of each of these fractions was not described. We have recently analysed the 355 
composition of waxes and cutin monomers in cuticles isolated enzymatically from 356 
melting- and non-melting-type peach fruit92 and identified the C18:1 derivative 18-357 
hydroxy-octadecenoic acid as the most abundant cutin monomer (17 to 20% at harvest, 358 
depending on the cultivar), whereas the triterpenes ursolic acid and oleanolic acid were 359 
prominent among the components of cuticular waxes, accounting together for 44 to 52% 360 
at harvest. In contrast to most published studies on fruit cuticles, in which n-nonacosane 361 
and/or n-hentriacontane were reported to be the main alkane components of cuticular 362 
waxes (Table 1), we identified n-tricosane (C23), n-pentacosane (C25) and n-363 
heptacosane (C27) as the predominant alkanes in peach fruit, with substantial cultivar-364 
related differences in the total content of these compounds (10 to 24% at harvest). 365 
 366 
 Sweet cherry (Prunus avium) 367 
Considerably more reports than for peach exist for sweet cherry cuticles, although 368 
most of them have been mainly concerned with its physical and mechanical properties 369 
as related to water permeability and disorders to which these fruit are particularly prone, 370 
such as cracking. An early study on ripe ‘Bing’ cherries93 revealed ursolic acid and n-371 
nonacosane as prominent components of cuticular waxes of fruit. This was confirmed 372 
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when the composition of both cutin and waxes of four sweet cherry cultivars was 373 
studied during on-tree fruit development and maturation.3 The most abundant 374 
constituents of waxes at fruit maturity were the triterpenes ursolic and oleanolic acids, 375 
which together accounted for 76% of total wax, followed by the alkanes n-nonacosane 376 
and n-heptacosane, and the secondary alcohol nonacosan-10-ol. These data essentially 377 
agree with our own observations on ‘Celeste’ and ‘Somerset’ cherries, showing ursolic 378 
acid (roughly 50% of total waxes) to be the major triterpene, n-nonacosane and n-379 
heptacosane the most abundant alkanes (7 to 11%), and n-tricosanol (C23) and n-380 
triacontanol (C30) the main primary alcohols detected in cuticular wax.94 Although these 381 
studies agree as to the major components of cuticular waxes in all the cultivars assessed, 382 
they show discrepancies for other types of wax constituents. Specifically, cuticular 383 
waxes of ‘Bing’ cherries are rich in hexadecanoic, octadecanoic, octadecenoic  and 384 
octadecadienoic acids, and contain significant amounts of sitosterol.93 Because 385 
dehydrated fruit skins were used as the source of wax, when these compounds were not 386 
found in a later study,3 it was concluded that their detection might have been an artifact 387 
derived from contamination with membrane lipids. However, the analysis of the 388 
cuticular waxes of ‘Celeste’ and ‘Somerset’ fruit also revealed significant contents of 389 
octadecadienoic acid and phytosterols,94 despite the fact that enzymatically isolated 390 
cuticles were used as the source material for wax extraction. Therefore, these 391 
discrepancies are likely to reflect actual cultivar-related differences in cuticular wax 392 
composition. 393 
While published reports have shown only minor quantitative differences in wax 394 
composition among cherry cultivars, discrepancies have been found as to cutin 395 
monomer composition. The cutin fraction of mature ‘Kordia’ fruit consisted mainly of 396 
C16 (69.5%) and, to a much lesser extent, C18 (19.4%) monomers, the most abundant 397 
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components being 9(10),16-dihydroxy-hexadecanoic and 9,10,18-trihydroxy-398 
octadecanoic acids.3 However, we have found that the cutin fraction of ‘Celeste’ and 399 
‘Somerset’ cherry fruit is composed mainly of C18 monomers (65.3 and 57.9%, 400 
respectively),94 which contrasts with previous observations in this species and shows 401 
cultivar-related differences in cuticle composition. 402 
  403 
 Soft fruit species 404 
 The composition of the cutin fraction of some berries within the Rosaceae family 405 
has been investigated.62 Cutin composition of strawberry (Fragaria × ananassa), 406 
raspberry (Rubus idaeus) and rowanberry (Sorbus aucuparia) fruit was shown to be 407 
dominated by 9(10),16-dihydroxy-hexadecanoic acid, although all three species 408 
displayed wider variety of cutin monomers in comparison with non-Rosaceae berry 409 
fruits that were analyzed in the same work. Similar cutin composition was observed in 410 
rosehip (Rosa rugosa), black chokeberry (Aronia melanocarpa) and cloudberry (Rubus 411 
chamaemorus) fruits,62 although additional compounds such as C15 monomers and α,ω-412 
dicarboxylic acids with mid-chain hydroxyl groups were also found. Additionally, 413 
strawberry and raspberry cutin proved to be highly resistant to depolymerization, and 414 
this observation was suggested to arise from the presence of a particularly high amount 415 
of cutan-type compounds. The cutin:cutan ratio is likely to impact significantly the pre- 416 
and postharvest evolution of fruit quality attributes, including their value as a dietary 417 
fiber, and this topic is thus worth of more detailed examination. Similarly, no published 418 
reports are available for cuticular wax composition of these species, thus offering ample 419 
opportunity for further research. 420 
 421 
Rutaceae 422 
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 Citrus fruit (Citrus sp.) 423 
In orange, triterpenoids constitute the most abundant wax fraction found in mature 424 
fruits, mainly consisted of α-amyrin, β-amyrin, lupeol acetate and friedelin.95 425 
Additionally, aldehydes are also major constituents of the cuticular waxes in orange and 426 
lemon fruit, together with alkanes, primary alcohols and fatty acids. The predominant 427 
compounds are reportedly n-nonacosane and n-hentriacontane among the alkanes, and 428 
n-tetracosanal (C24), n-hexacosanal (C26) and n-octacosanal (C28) among the 429 
aldehydes.64,95 Terpenoids and aldehydes were likewise reported to be the main 430 
compound families present in epicuticular waxes of grapefruit, with some differences 431 
observed according to the canopy position,96 which supports the assumption that the 432 
environmental conditions cause cuticle modifications and impact on fruit development. 433 
In contrast, mandarin fruit waxes are dominated by alkanes, followed by esters > 434 
ketones > aldehydes > fatty acids > primary alcohols > triterpenes.97 The detailed 435 
composition of each of these classes of component was not reported, but some 436 
differences were also found according to the canopy position of fruit. 437 
We are aware of only two published studies on cutin components of citrus fruit. 438 
The fruit cuticles of four different species (orange, lemon, grapefruit and mandarin) 439 
were reported to contain less cutin (59-67%) than those of their leaves (79-82%).98 The 440 
major monomeric constituents detected were dihydroxy C16 (30–62%) and 16-hydroxy-441 
oxo C16 acids. Similarly, when cutin monomer composition was analyzed in different 442 
tissues of grapefruit, including fruit peel, leaf, juice-sac and inner seed coat, it was 443 
found that 16-hydroxy-10-oxo C16 acid was a major component in the fruit peel.61 444 
Substantial tissue-associated variation was observed, as 10,16-dihydroxy C16 acid and 445 
its positional isomers were the main cutin monomers in leaves, the composition of the 446 
juice-sac cutin was dominated by dihydroxy C16, hydroxy-oxo C16, hydroxy-epoxy C18 447 
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and trihydroxy C18 acids, and ω-hydroxy and dicarboxylic C16 and C18:1, ω-hydroxy-448 
epoxy C18 and trihydroxy C18 acids were the major components of the inner seed coat 449 
cutin.  450 
 451 
Vitaceae 452 
 Grape (Vitis vinifera) 453 
Similarly to citrus fruit, aldehydes have also been found to be important 454 
constituents in waxes of grapes, where the straight-chain, even-chain length type 455 
predominates. Early in 1965, two published works65,99 reported that the surface waxes 456 
of ripe sultana grapes consist largely of the triterpenoid oleanolic acid, with lesser 457 
amounts of n-alcohols (mainly C24, C26 and C28), n-aldehydes (largely C28 and C30), 458 
esters, free acids (predominantly C24, C26 and C28), and n-hydrocarbons (mainly C25, 459 
C27, C29 and C31). A considerable amount (around 30%) of oleanolic acid was also 460 
found in cuticle waxes of ‘Palomino fino’ grapes,100 although surprisingly n-alkanes 461 
represented less than 5% of total mass and, remarkably, no aldehydes were identified. 462 
Oleanolic acid was also the dominant component in cuticular waxes of ‘Pinot noir’ 463 
grapes at all stages of fruit development,101 as well as in eight different cultivars 464 
investigated in a recent study,102 in which triterpenoid contents were found to range 465 
from 42% to as much as 80% of total cuticular waxes. Due to their relevance for 466 
fermentative processes and their health-promoting properties,103 major triterpenes 467 
(oleanolic acid and β-sitosterol) in grape waxes have been targeted for study and 468 
suggested to be a suitable tool to characterize grape varieties.104 When the cuticular wax 469 
of fruit of the European wild vine (Vitis vinifera ssp. sylvestris) was analyzed, only 470 
minor quantitative differences were found in some of the wax fractions in comparison 471 
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with the cultivated vine (V. vinifera ssp. vinifera),66 suggesting their conservation 472 
during evolution. 473 
We are not aware of any published studies on cutin composition of grape berry 474 
cuticles, although the evolution of total cutin amounts during fruit maturation has been 475 
reported.101 Taking into account its commercial importance as regards both fresh 476 
consumption of table grapes and wine-making, further studies addressing this topic are 477 
desirable. 478 
 479 
Oleaceae 480 
 Olive (Olea europaea) 481 
Since the procedure for olive oil extraction may dissolve an important part of the 482 
surface waxes, and given its economic importance, a number of published studies have 483 
analyzed wax compounds present in the oil. In contrast, little information is available on 484 
the intact fruit. When chloroform-soluble waxes of ‘Coratina’ olives at the green and 485 
black maturity stages were extracted, substantial compositional differences were found 486 
in each case.105 Triacylglycerols (17% and 25% in green and black fruit) and triterpene 487 
acids (38% and 26%, respectively) were the predominant families of wax compounds in 488 
the fruit. Triterpenols accounted for 14% of total waxes in green fruit, while only traces 489 
were detected in ripe samples. The major triterpene in both cases was oleanolic acid (70 490 
and 83%, correspondingly). Similarly to the observations in grape (see previous sub-491 
section), n-alkanes were only a small part of the total wax mass (3% and 7% in green 492 
and black fruit), dominated by C27 or C29, depending on the maturity stage.   493 
 494 
Ebenaceae 495 
 Persimmon (Diospyros kaki) 496 
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The total amount of waxes and cutin in fruit cuticles isolated from 27 astringent and 497 
non-astringent cultivars of persimmon has been published recently,12 although the 498 
chemical composition of each fraction was not analyzed in detail. The cuticles of these 499 
fruit were comprised of 22-38% (337-770 μg cm-2) of wax and 33-56% (578-1378 μg 500 
cm-2) of cutin. Whereas significant cultivar-related differences in cuticle composition 501 
were found, in agreement with other fruit species, these differences were not related to 502 
fruit astringency. Additional studies should enable to determine which are the quality 503 
traits, in each fruit species, that are modulated by cuticle subtleties as well as the 504 
mechanisms by which this regulation occurs. 505 
 506 
Other: Grossulariaceae, Ericaceae, Elaeagnaceae 507 
No published information is available regarding cuticular wax composition of soft 508 
fruit species within these families, and only the composition of cutin monomers has 509 
been analyzed and reported. Studies on six non-Rosaceae berry types, namely sea 510 
buckthorn (Hippophaë rhamnoides), black currant (Ribes nigrum), cranberry 511 
(Vaccinium oxycoccos), lingonberry (Vaccinium vitis-idaea), bilberry (Vaccinium 512 
myrtillus), and crowberry (Empetrum nigrum), have revealed notable differences in total 513 
cutin loads (6 to 47%) across species.62,106 The predominant cutin monomers were C16 514 
and C18 ω-hydroxy acids with mid-chain functionalities, among which epoxy groups 515 
were particularly frequent in sea buckthorn and cranberry (71 and 60% over total cutin 516 
monomers, respectively). Cuticles of these fruits also contained significant amounts of 517 
C15 monomers and α,ω-dicarboxylic acids.  518 
 519 
This survey shows that fruit cuticles display considerable variability among species, 520 
and illustrates the inappropriateness of generalizations on fruit cuticle properties. Yet, a 521 
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complete overview of cuticle constituents is available in only a few instances (Table 1). 522 
Although n-alkanes and triterpenoids are prominent components of cuticular waxes in 523 
all the fruit species for which such information exists, fruit cuticle types seem to emerge 524 
according to their main alkane (C29 vs. C31) and triterpenoid (triterpenoid acids vs. 525 
triterpenoid alcohols) components. Some grouping is also apparent according to the 526 
predominant cutin monomers (C16 vs. C18). On the basis of the scarce information 527 
currently available, these groupings do not seem to show any correspondence with fruit 528 
type (berries vs. drupes) or with ripening pattern (climacteric vs. non-climacteric). 529 
However, this review reveals clear similarities in fruit cuticle composition among 530 
phylogenetically close species (Table 1). For example, the investigated species within 531 
the Solanaceae family display C31 and triterpenoid alcohols as the main n-alkane and 532 
triterpenoid components of cuticular waxes, respectively, with dihydroxy C16:0 as the 533 
predominant cutin monomers. In contrast, C29 and triterpenoid acids have been reported 534 
as the main wax components in most of the species examined within the Rosaceae, with 535 
the predominant cutin monomers displaying wider variation. Cutin composition in the 536 
cuticles of citrus fruit is reportedly dominated by C16 monomers, while not enough 537 
information is available as to allow generalizations on predominant wax compounds 538 
within this botanical family (Table 1). 539 
Recent studies conducted on Arabidopsis have identified proteins specifically 540 
involved in the elongation of compounds longer than C28 and C30, which are moreover 541 
expressed differentially in an organ- and tissue-specific manner.107-111 Although no 542 
similar information has been reported for edible fruits, the question arises whether 543 
potential differences in the expression of homologous fruit genes or proteins may be 544 
related to the dissimilarities in the chain length of the predominant cuticular alkanes 545 
across botanical families (Table 1). The potential relationship of these differences with 546 
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cuticle structure and properties, and hence with the horticultural attributes of each fruit 547 
type, requires intensive research. The implications of cuticle composition and structure 548 
for postharvest potential and for the design of handling strategies are huge.25 In the 549 
absence of these studies, any careless generalization is likely to lead to 550 
oversimplification and to failure of any postharvest procedure designed on such a weak 551 
basis. 552 
 553 
 554 
Cuticle biosynthesis in fruits 555 
  556 
Cuticle biosynthesis during fruit maturation and ripening 557 
The process of cuticle, cutin and cuticular waxes formation during on-tree fruit 558 
development has been studied essentially from the ultrastructural,101,112 559 
biomechanical/biophysical113-116 and/or biochemical point of view.3,73,86,87,95,102,117 It has 560 
frequently been observed that cuticle deposition ceases at a given developmental stage, 561 
generally corresponding to the transition between growth and ripening, giving rise to 562 
decreased amounts of cuticle per unit surface area. This favors increased surface strain 563 
as fruit expands, and thus the formation of micro- or macroscopic cracks, the latter 564 
having major economic consequences for some commercially important fruit crops. We 565 
are not aware of any cause/effect studies relating cuticle composition to the 566 
development of this disorder, but some genes are down-regulated concomitantly with 567 
arrested cuticle deposition in fruit species particularly prone to this disorder, such as 568 
sweet cherry,118 which may provide the tools to investigate this aspect. 569 
Generalizations on a particular biological event among different species should be 570 
treated with caution, as different genetic backgrounds often possess specific 571 
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mechanisms to cope with environmental stimuli. For this reason, to tackle the 572 
compositional evolution of specific cuticular components during fruit development we 573 
inspected the available literature on those fruit species for which such information has 574 
been published. This survey indicates that any temptation to simplify or generalize on 575 
the fate of different cuticular compound families during fruit development should be 576 
ruled out.  577 
For instance, even the commonly observed trend of early cessation of cuticle 578 
deposition is not found in all cases, a notorious exception being tomato (Fig. 1). 579 
Although long-chain aliphatics were actually found to decrease in developing tomato 580 
fruit, the extent of triterpene increases overcompensated for that reduction.119 A 581 
continuous increase in the wax coverage during the developmental course from mature 582 
green to red ripe fruits in the ‘Micro-Tom’ cultivar has also been reported.71 The total 583 
amount of wax and the proportion of alkadienes increased during ripening of ‘Ailsa 584 
Craig’ tomato from the mature green to the red ripe stages, whereas the total amount of 585 
cutin monomers per unit of surface area and the relative proportions of the 586 
corresponding constituents remained approximately constant during the same period, 587 
except for increases in 9,10,18-trihydroxyoctadecanoic and 9,10,18-trihydroxy-588 
octadecenoic acids.72 This continuous increase in total cuticular waxes during tomato 589 
maturation and ripening from as early as the small green stage was subsequently 590 
confirmed, with a progressive rise in the absolute content of all wax classes, with the 591 
exception of iso-alkanes.63 The amounts of most cutin monomers as well as that of p-592 
coumaric and m-coumaric acids also increased throughout development. A substantial 593 
increase in the phenolic content of the cuticles of ‘Ailsa Craig’, ‘Alicante’ and 594 
‘Grower’s pride’ tomatoes was also observed in an earlier work,120 the major part of the 595 
flavonoids detected in ripe fruit being bound to the cutin matrix. 596 
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A steady decrease in the proportion of primary alcohols and a progressive increase 597 
in esters in cuticular waxes were found during the maturation of grape berries, while the 598 
content in cutin per surface unit decreased sharply between berry set and véraison.101 599 
Total triterpenoid contents have also been observed to decline in grapes during fruit 600 
ripening.102 In contrast, a survey on 17 different apple cultivars86 disclosed increases in 601 
the percentage of primary alcohols in the epicuticular waxes as fruit development 602 
progressed. More recently, the alkanes n-nonacosane and n-heptacosane, the alkene n-603 
nonacosene, as well as the secondary alcohol nonacosan-10-ol, were observed to 604 
increase as fruit reached the mature stage, whereas nonacosan-10-one decreased during 605 
the same period.87 For sweet cherry fruit, it was found that the amount of triterpenes per 606 
unit area decreased, with alkanes and alcohols remaining approximately constant along 607 
fruit development (Fig. 1). On the other hand, the amounts of C16 and C18 cutin 608 
monomers per unit area declined, even though divergent trends were shown for different 609 
compounds within each monomer family.3 The compositional changes in cuticular 610 
waxes during fruit development have also been investigated in ‘Newhall’ orange fruit, 611 
and it was found that waxes are secreted continuously during ripening, and that 612 
decreases in the amount of all major wax fractions were related to the glossy fruit 613 
flavedo phenotype of the so-termed ‘glossy Newhall’ mutant.95 The mutant fruit have 614 
dramatically reduced aldehyde and alkane contents associated with a severe loss of wax 615 
crystals. No information was reported on changes in the amount of total cutin or cutin 616 
monomers. 617 
This handful of available reports exemplifies how modifications in cuticle 618 
composition during fruit maturation and ripening are variable among different fruits. 619 
Similar investigations, undertaken on a wide range of additional fruit species, may help 620 
identify putative common trends within particular fruit types.  621 
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 622 
Insights into the molecular aspects of cuticle biosynthesis in fruits 623 
Little information exists on regulation of cuticle formation in fruits at the molecular 624 
level. In fact, only a few recent papers have reported the identification of genes related 625 
to cuticular wax or cutin biosynthesis in these organs, most of them conducted in tomato 626 
as the model species. Cuticle deposition involves a large number of steps and 627 
interconnected routes that determine its amount, composition and correct structural 628 
assembly.7,9,16-19 The identification of the key control points is rendered a difficult task 629 
by the multi-level regulation of these pathways, which may involve gene expression, 630 
protein modification and cell environmental changes. A feasible way to tackle this 631 
subject is to use mutants altered in fruit cuticle attributes in comparison with the wild-632 
type phenotype. Some of such cuticle mutants exist for tomato (Table 2), and their 633 
comprehensive analysis may help detect candidate key genes, proteins, metabolites and 634 
pathways associated with cuticle biosynthesis and functions. The current availability 635 
and affordable cost of -omics technologies paves the way for such “systems biology” 636 
approaches. 637 
Using this strategy, the gene LeCER6 (currently referred to as SlCER6, owing to the 638 
renaming of tomato to Solanum lycopersicum), a homologue of AtCER6, which codes 639 
for a very long-chain fatty acid β-ketoacyl-CoA synthase, has been identified,67 and a 640 
LeCER6 loss-of-function mutant was obtained by reverse genetic techniques. 641 
Associated functional characterization showed that waxes of the mutant fruit were 642 
deficient in n-alkanes and aldehydes longer than C30, while hydrocarbons with shorter 643 
or branched chains were unaffected. Mutant waxes were also significantly richer in 644 
intracuticular terpenoids. Interestingly, these modifications were reflected in cuticle 645 
permeability, unquestionably demonstrating a major role of these compounds in the 646 
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transpiration barrier properties of the cuticle.67 When the developmental course of 647 
maturation and ripening was followed, both in the wild type and in the LeCER6 mutant, 648 
the deficiency was discernible as early as the mature green stage.71 Comparative 649 
transcriptome and metabolome analyses in tomato showed that 17% out of 574 peel-650 
associated transcripts were putatively related to cuticle component-generating metabolic 651 
pathways.74 Among these, the expression of LeCER6 in both fruit exocarp and endocarp 652 
was shown to increase progressively during maturation and ripening, supporting the 653 
putative association of this gene with cuticular wax formation.  654 
More recently, a homology-based approach has been employed to isolate two 655 
oxidosqualene cyclases (OSC), involved in the biosynthesis of triterpene alcohols and 656 
expressed exclusively in fruit epidermis, one of which was demonstrated to be a 657 
product-specific β-amyrin synthase.121 When the transcription ratios of these OSCs, 658 
designated SlTTS1 and SlTTS2, were compared among three tomato cultivars (‘Micro-659 
Tom’, ‘M82’ and ‘Ailsa Craig’) differing in their triterpenoid profile, it was found that 660 
transcriptional control of these two OSCs accounted only partially for these differences, 661 
suggesting the involvement of other factors such as differences in catalytic activity or 662 
the presence of additional OSCs. 663 
A few fruit-expressed genes related to cutin deposition have been also identified 664 
taking advantage of altered genetic backgrounds (Table 2). The characterization of a 665 
tomato mutant designated cutin deficient 1 (cd1), showing only 5-10% cutin content in 666 
comparison with the wild-type fruit,77 revealed that CD1 is an extracellular 667 
acyltransferase with polyester synthesis activity required for cutin accumulation in vivo, 668 
demonstrating it to be a cutin synthase directly involved in cutin polymerisation.31 The 669 
protein is localized in the cuticle, specifically at the interface with the cell wall, and the 670 
expression of its coding gene parallels spatial and temporal patterns of cuticle 671 
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deposition in the fruit. Similarly, the characterization of the sticky peel (pe) tomato 672 
mutant, which suffers from severe reduction in cutin biosynthesis and alterations in wax 673 
deposition, allowed the identification and partial characterisation of CD2, a putative 674 
transcription factor suggested to act upstream of several metabolic pathways involved in 675 
the biosynthesis of a range of surface tissue-associated molecules.75 A tomato 676 
transcription factor (SlSHN3) that regulates fruit cuticle formation and epidermal 677 
patterning has also been characterized recently.78 Silencing the SlSHN3 gene resulted in 678 
remarkable morphological alterations of fruit epidermis and a significant reduction in 679 
cuticular lipids. Similarly, a mutation in SlCYP86A69, one of the SlSHN3 target genes, 680 
led to severe cutin deficiency and altered architecture of the fruit surface. SlCYP86A69 681 
was characterized to possess NADPH-dependent ω-hydroxylation activity, with a 682 
preference for oleic acid (C18:1) to yield the cutin monomer 18-hydroxyoctadecenoic  683 
acid.78 684 
In this context, a recent work69 has shown the potential of a simple phenotypic 685 
attribute such as fruit brightness for the identification of cuticle mutants, thus providing 686 
an additional tool for the discovery of new genes putatively involved in cuticle 687 
biosynthesis. A mutant collection of the ‘Micro-Tom’ cultivar was screened for altered 688 
fruit brightness, which led to the isolation of 16 glossy and 8 dull mutants displaying 689 
concomitant differences in cuticle composition, thickness or structure. While glossy 690 
mutants were altered in cutin load and/or composition, dull mutants differed from the 691 
wild-type fruit in the characteristics of the epidermis. Surprisingly, no relationship was 692 
found between fruit brightness and wax load variations. 693 
Considerably less research effort at the molecular level has been focused on fruits 694 
other than tomato. The identification of several candidate genes putatively involved in 695 
cuticle formation during development and maturation of ‘Regina’ sweet cherry fruit 696 
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revealed that 13 out of 18 identified sequences showed expression patterns restricted to 697 
fruit exocarp and correlated with cuticle deposition rates.118 This study recognized some 698 
genes that deserve further research as to a major role in cuticle formation, including two 699 
transcription factors, one lipase, one LTP, one ABC transporter, two CYP86A 700 
hydroxylases, two LACS and one GPAT. More recently, two of these candidate genes, 701 
PaLACS2 (a putative long-chain acyl-CoA synthetase) and PaATT1 (a putative 702 
cytochrome P450 monooxygenase) were suggested to be major genes involved in cutin 703 
biosynthesis on the basis of the effects of their ectopic expression in Arabidopsis 704 
thaliana. 122  705 
A similar approach was adopted in apple (cv. ‘Prima’ and ‘Florina’) fruit, based on 706 
sequence homology studies and transcription profiling.123 Expression patterns of the 707 
selected genes showed that they are active in, and in some cases specific to, fruit skin. 708 
The genes identified included some members involved in the FAE complex, wax and 709 
cutin modifications, one LTP, one ABC transporter, and one transcription factor. 710 
However, these apple and sweet cherry genes were identified based on transcriptomic 711 
and homology data uniquely, and an actual involvement in cuticle formation remains to 712 
be confirmed. Even so, the proteins encoded by three full-length expressed sequence tag 713 
sequences identified in apple cDNA libraries as likely to encode triterpene synthases 714 
(MdOSC1, MdOSC2 and MdOSC3) have been actually demonstrated to possess 715 
triterpene synthase activity by transient expression in Nicotiana benthamiana leaves and 716 
by expression in Pichia methanolica.124 Interestingly, MdOCS1 was shown to produce 717 
α- and β-amyrin in a 5:1 ratio, and thus to be the only triterpene synthase identified to 718 
date for which α-amyrin accounts for over 80% of the total product. This finding 719 
implies that MdOCS1 is primarily an α-amyrin synthase, and this is interesting in the 720 
light of earlier reports indicating that the main component of the triterpene fraction in 721 
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apple fruit cuticle is ursolic acid (Table 1), the precursor of which is α-amyrin. The 722 
expression levels for these MdOSC genes in ‘Royal Gala’ apple showed preferential 723 
expression in the fruit peel, and also significantly dissimilar expression levels among 724 
tissues, which were reflected in different contents of ursolic and oleanolic acids. The 725 
increasing availability of genomic sequences for non-model fruit species will provide 726 
the basis for shedding light on the current knowledge of cuticle formation in these 727 
commodities. 728 
 729 
 730 
Methodological footprint in cuticle composition studies 731 
 732 
Cuticle components are usually extracted, identified and quantified following 733 
similar methodologies, and therefore major compositional discrepancies found between 734 
fruit species are not likely to arise from technical variations across different research 735 
groups. This is particularly clear when a given team has found such dissimilarities after 736 
using the same methodology for the analysis of cuticles obtained from different fruit 737 
species. Even so, it is worth pointing out some methodological aspects that may have 738 
some influence on reported results. Indeed, many of the studies reviewed herein were 739 
conducted over 30 years ago, and used different technological solutions.  740 
Waxes are usually extracted by dipping the starting material in an organic solvent 741 
such as chloroform, methanol, dichloromethane, hexane, petroleum ether or toluene, at 742 
room temperature or at the boiling point of the solvent, in a single or in a two-step 743 
extraction to separate epi- and intracuticular waxes. However, although the sequential 744 
extraction with different organic solvents has often been used as an approach to 745 
differentiate between epi- and intracuticular waxes, such differential extraction 746 
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procedures are not selective enough as the resulting extracts are cross-contaminated. For 747 
an accurate quantification of the components of both compartments, methods allowing 748 
the mechanical removal of epicuticular waxes have been demonstrated preferable for 749 
this separation, such as those involving the use of adhesives (glycerol, water, 750 
nitrocellulose, gum arabic), followed by the stripping off or brushing of the outer film 751 
so obtained.125,126 The starting material, in turn, can involve intact fruit samples, 752 
dehydrated fruit skins, or enzymatically isolated cuticles, all of which methodologies 753 
have associated weaknesses. For instance, plant cuticles were shown to sorb large 754 
amounts of hexadecanoic and octadecanoic acids when incubated in cell slurries 755 
obtained through enzymatic digestion of fruits and leaves,127 thus placing under 756 
suspicion the common method of estimating intracuticular wax composition from 757 
cuticles isolated enzymatically. Also, the remarkable differences in skin structure found 758 
across fruit types (such as, for example, those between apple and citrus fruit) may 759 
underlie a part of these discrepancies, together with chemical dissimilarities such as pH, 760 
which might influence the extraction of individual compounds. Additional features of 761 
fruit skin structure which may prove problematic and/or account for detected 762 
interspecific differences include thickness, flexibility, or the presence of stomata, 763 
lenticels or trichomes. 764 
Gas chromatography (GC) separation of the extracted compounds has been 765 
employed since the early 1960s, but the subsequent introduction of capillary columns 766 
increased analysis robustness. Compounds in the extracts may be injected directly, with 767 
previous chemical derivatization of active functional groups, or with previous 768 
hydrolysis of high-molecular-weight esters to release moieties that are then detected. In 769 
addition, compound detection by flame ionization (FID) or by mass spectrometry (MS) 770 
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can result in quantitative and qualitative differences, and hence justify some 771 
discrepancies.  772 
Effective compound identification can be achieved by the comparison of Kovats 773 
retention indices and mass spectral data between the analyses and appropriate standards 774 
processed under matching experimental conditions. As standards for cuticle components 775 
are not always available commercially, the identification may be impaired, or biased 776 
with respect to results obtained by other researchers if the group has the possibility to 777 
produce them in house. On the other hand, GC-MS identification is not free from 778 
drawbacks. For instance, identification is done by comparing the recorded EI-MS 779 
spectra with those available in public databases or with those obtained from reference 780 
compounds, and then interpreting the fragmentation patterns in terms of chemical 781 
structure. Yet, the spectra of many wax and cutin constituents are not available in MS 782 
libraries. In addition, rearrangements and isomerization may occur in unsaturated 783 
hydrocarbons, which might lead to the obtained spectra not showing the expected 784 
characteristic fragmentation configurations.128 Even so, chemical techniques such as 785 
stereospecific oxidation and trimethylsilylation followed by gas-liquid chromatography 786 
coupled to MS have been employed successfully for the determination of double bond 787 
positions of unsaturated fatty acids.129-130 The use of more sensitive and up-to-date 788 
methodologies, such as two-dimensional GC, tandem chromatography arrangements, 789 
high-temperature GC (HTGC), HTGC-MS, or infrared and Raman microspectroscopic 790 
analysis,131,132 would provide a valuable complementary tool to add to the current 791 
chemical standard analytical methods employed in bulk composition of plant cuticle 792 
analyses, and hence allow a more accurate comparison between different plant 793 
materials, both at the intra- and inter-specific levels. 794 
 795 
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 796 
Concluding remarks and future prospects 797 
 798 
Biological developmental processes in plants are strictly controlled at various levels 799 
by cell composition and architecture. Organ- and cell-surrounding structures, such as 800 
the cell wall and the cuticle, are now recognized as highly dynamic developmental 801 
controllers, both at the signaling and the metabolic levels, as they provide the first 802 
communication level in response to conditions imposed on the plant by the surrounding 803 
environment. Despite the enormous efforts and advances in understanding cell 804 
organization, some cell components have received less attention from the scientific 805 
community, even though they are of paramount importance for plant development. Cell 806 
walls have been intensively studied, and shown to vary in their composition, 807 
metabolism and dynamics among different fruit species and even genotypes of the same 808 
species.133 In contrast, a large number of gaps in knowledge still exist for almost every 809 
step of the putative pathways for the biosynthesis of plant cuticle.7,9,16-19 Differences in 810 
cuticle composition between vegetative organs and fruits have been reported, but it is 811 
unclear whether exactly the same biosynthetic pathways and regulating mechanisms 812 
operate in fruit tissues, and there are many unknowns in regard to cuticle composition of 813 
fruits itself (Table 1).  814 
In this review, we highlight the variability proven to exist across individual fruit 815 
species, and even across different genotypes of the same species. Such observations 816 
raise questions on the precise role of cuticles and on how they act as factors determining 817 
organ development and in coping with environmental cues. Answering this challenge 818 
will entail further efforts of fundamental research aiming at devising a generalized 819 
model of cuticle structure, together with a comprehensive atlas of differences between 820 
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organisms, organs and cell types, and a track of metabolic regulation, in order to 821 
translate this knowledge into a practical understanding of the resulting biophysical 822 
properties. Future perspectives include understanding their impact and a putative 823 
premise of manipulating biological features useful to human activity, such as growing 824 
rates, respiration and water dynamics, protection against pathogens, or quality 825 
preservation of agronomic products.  826 
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Figure captions 
  
Fig. 1. Changes in cuticle deposition and composition during the development of (A) 
sweet cherry and (B) tomato as an example of a non-climacteric and a climacteric fruit 
species, respectively. The Figure is intended uniquely as an illustration of the profound 
dissimilarities reported among different fruit species. The literature survey undertaken 
in this review indicates that the fate of cuticular compound families along fruit 
development differs noticeably among fruit species, and therefore these patterns should 
not be taken as representative of each ripening type. The Figure was drawn from data 
reported in references 3,71-73,116,119,120. Changes are expressed per unit of surface area.
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Table 1.  Main n-alkane and triterpenoid components of cuticular waxes and predominant cutin monomers reported in fruit species according to botanical family. 
 
Botanical family Fruit type Ripening type Predominant wax components Predominant cutin monomers References 
Solanaceae       
 
Tomato 
(Solanum lycopersicum) 
 
Berry 
 
Climacteric 
 
n-hentriacontane (C31)  
 
triterpenoid alcohols  
(α-, β-, and δ-amyrin) 
 
C16 monomers (10,16-dihydroxy C16:0) 
 
69, 71-80, 134 
Pepper 
(Capsicum sp.) 
Berry Non-climacteric n-hentriacontane (C31)  
 
triterpenoid alcohols  
(α- and β-amyrin) 
C16 monomers (9(10),16-dihydroxy C16:0) 81, 82, 84 
Eggplant 
(Solanum melongena) 
Berry Non-climacteric n-hentriacontane (C31)  
 
triterpenoid alcohols  
(α- and β-amyrin) 
Not reported 82 
Wild tomato 
(Solanum Sect. Lycopersicon) 
Berry Climacteric n-hentriacontane (C31)  
(in most species studied ) 
triterpenoid alcohols  
(α-, β-, and δ-amyrin) 
C16 monomers (10,16-dihydroxy C16:0) 79 
Rosaceae       
 
Apple 
(Malus × domestica) 
 
Pome 
 
Climacteric 
 
n-nonacosane (C29)  
 
triterpenoid acids  
(ursolic acid) 
 
C18 monomers (tetrahydroxy C18:0) 
 
60, 85-89 
Asian pear 
(Pyrus bretchneideri) 
Pome Climacteric n-nonacosane (C29)  triterpenoid alcohols  
(α-amyrin) 
Not reported 90 
Peach (Prunus persica) 
• Melting 
 
Drupe 
 
Climacteric 
n-tricosane (C23)                  
n-pentacosane (C25)               
n-heptacosane (C27) 
triterpenoid acids  
(ursolic acid, oleanolic acid) 
C18 monomers (ω-hydroxy C18:1) 92 
• Non-melting Drupe Climacteric n-pentacosane (C25) triterpenoid acids  
(ursolic acid) 
C18 monomers (ω-hydroxy C18:1) 91, 92 
Plum 
(Prunus domestica) 
Drupe Climacteric n-nonacosane (C29)  triterpenoid acids  
(oleanolic acid) 
Not reported 135 
Strawberry 
(Fragaria × ananassa) 
Etaerio Non-climacteric Not reported Not reported C16 monomers (9(10),16-dihydroxy C16:0) 62 
Sweet cherry 
(Prunus avium) 
Drupe Non-climacteric n-nonacosane (C29) triterpenoid acids  
(ursolic acid) 
Cultivar-dependent (dihydroxy C16:0 or dihydroxy 
C18:x reported mainly) 
3, 93, 94 
Black chokeberry 
(Aronia melanocarpa) 
Berry Non-climacteric Not reported Not reported C18 monomers (ω-hydroxy-9,10-epoxy C18:1 and 
ω-hydroxy-9,10-epoxy C18:0) 
62 
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Cloudberry 
(Rubus chamaemorus) 
Syncarp Non-climacteric Not reported Not reported C16 monomers (74% of 9(10),16-dihydroxy C16:0) 62 
Raspberry 
(Rubus idaeus) 
Syncarp Climacteric Not reported Not reported C16 monomers (9(10),16-dihydroxy C16:0) 62 
Rosehip 
(Rosa rugosa) 
Etaerio Non-climacteric Not reported Not reported C16 monomers (79% of 9(10),16-dihydroxy C16:0) 62 
Rowanberry  
(Sorbus aucuparia) 
Pome Non-climacteric Not reported Not reported C16 monomers (9(10),16-dihydroxy C16:0) 62 
Rutaceae       
 
Grapefruit 
(Citrus × paradisi) 
 
Hesperidium 
 
Non-climacteric 
 
Detailed composition not reported 
 
C16 monomers (ω-hydroxy-10-oxo C16:0) 
 
61, 64, 96, 98 
Lemon 
(Citrus limon) 
Hesperidium 
Non-climacteric 
n-hentriacontane (C31) 
n-nonacosane (C29) 
Not reported C16 monomers (dihydroxy C16:0 and ω-hydroxy-
oxo C16:0) 
64, 98 
Mandarin 
(Citrus reticulata) 
Hesperidium 
Non-climacteric Detailed composition not reported 
C16 monomers (dihydroxy C16:0 and ω-hydroxy-
oxo C16:0) 
64, 97, 98 
Orange 
(Citrus sinensis) 
Hesperidium 
Non-climacteric 
n-hentriacontane (C31) 
n-nonacosane (C29)  
triterpenoid alcohols  
(α- and β-amyrin) 
C16 monomers (dihydroxy C16:0 and ω-hydroxy-
oxo C16:0) 
64, 95, 98 
Vitaceae       
 
Grape 
(Vitis vinifera) 
 
Berry 
 
Non-climacteric 
 
n-pentacosane (C25)               
n-heptacosane (C27)             
n-nonacosane (C29)  
 
triterpenoid acids  
(oleanolic acid) 
 
Not reported 
 
65, 66, 99-102 
Oleaceae       
 
Olive 
(Olea europaea) 
 
Drupe 
 
Non-climacteric 
 
n-heptacosane (C27)  
 
triterpenoid acids  
(oleanolic acid) 
 
Not reported 
 
105 
Ericaceae       
 
Bilberry  
(Vaccinium myrtillus) 
 
Berry 
 
Non-climacteric 
 
Not reported 
 
Not reported 
 
C18 monomers (9,10,18-trihydroxy C18:0 and ω-
hydroxy-9,10-epoxy C18:0) 
106 
Cranberry 
(Vaccinium oxycoccos) 
Berry Non-climacteric Not reported Not reported C18 monomers (ω-hydroxy-9,10-epoxy C18:0) 106 
55 
 
Crowberry 
(Empetrum nigrum) 
Drupe Non-climacteric Not reported Not reported C16 monomers (9(10),16-dihydroxy C16:0) 62 
Lingonberry 
(Vaccinium vitis-idaea) 
Berry Non-climacteric Not reported Not reported C18 monomers (ω-hydroxy-9,10-epoxy C18:0 and 
9,10,18-trihydroxy C18:0) 
106 
Grossulariaceae       
 
Black currant 
(Ribes nigrum) 
 
Berry 
 
Non-climacteric 
 
Not reported 
 
Not reported 
 
C16 monomers (10(9,8),16-dihydroxy C16:0) 
 
106 
Elaeagnaceae       
 
Sea buckthorn 
(Hippophaë rhamnoides) 
 
Berry 
 
Non-climacteric 
 
Not reported 
 
Not reported 
 
C18 monomers (ω-hydroxy-9,10-epoxy C18:1 and 
ω-hydroxy-9,10-epoxy C18:0) 
 
106 
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Table 2.  Tomato fruit genotypes impaired or altered in cuticle-related genes. 
  
Genotype Cuticle-related phenotype References 
alcobaça 
Altered wax profiles (throughout development) and cuticle lipid 
compositions (early stages of development); higher relative 
amounts of C18 monomers. 
73 
cutin deficient (cd1, cd2, 
cd3) 
Dramatic reduction in cutin content, altered cuticle architecture, 
increased stiffness of cuticle surface, enhanced water 
permeability. 
31, 77, 136 
delayed fruit 
deterioration (dfd) 
Altered cuticle composition and architecture. 72 
GDSL1-silenced lines a 
Reduced thickness of fruit cuticle, decreased content of cutin 
monomers, decreased wax load. 
32 
non-ripening (nor) 
Altered wax profiles (throughout development) and cuticle lipid 
compositions (early stages of development); higher relative 
amounts of C18 monomers. 
73, 137 
positional sterile (ps) 
Increased water loss, severe depletion of n-alkanes and aldehydes, 
increased in triterpenoids and sterol derivatives,  occurrence of 
alkyl esters not present in the wild-type fruit. Similar wax load, 
unaffected cutin monomer composition.  
134 
ripening inhibitor (rin) 
Altered wax profiles (throughout development) and cuticle lipid 
compositions (early stages of development); higher relative 
amounts of C18 monomers. 
73 
slcer6 loss-of-function  
Deficiency in n-alkanes and aldehydes longer than C30, increase 
in intracuticular triterpenoids. 
67, 71 
SlSHN3-silenced lines 
Reduction in cuticular lipids, lower cutin content and altered 
architecture of fruit surface.  
78 
sticky peel (pe) b Severe reduction in cutin biosynthesis and altered wax deposition. 75 
sticky peel/light green 
double mutant (pe lg) 
Glossy soft fruit, severely reduced thickness of fruit cuticle, 
enhanced water permeability. 
134, 136 
y  
Reduced thickness of fruit cuticle, lower cutin content and 
decreased elasticity. 
138 
16 glossy and 8 dull 
mutants 
Altered amount and/or composition of wax and cutin, cuticle 
thickness and surface aspect of the fruit. 
69 
a GDSL1 is allelic to CD1 
b PE is allelic to CD2 
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